Abstract: Fluorescence Correlation Spectroscopy is used to investigate fluorescent molecules in solution diffusing in subwavelength rectangular apertures milled in Aluminium films. This rectangular shape allows to switch between a propagating and an evanescent excitation field within the aperture, leading to a significant tunability of the observation volume. Due to the vicinity of the metal surface, the fluorophore's molecular lifetime inside the aperture appears to be dramatically reduced whatever the excitation field is set to. However, for a properly tailored evanescent excitation field within the nanoaperture, the detected fluorescence rate per molecule is significantly enhanced as compared to open solution. This suggests that the observed molecular fluorescence enhancement is mainly due to the excitation near field within the subwavelength aperture. 194, 486-490 (1999).
Introduction
Metallic devices at the nanometer scale have stimulated a broad range of interests in nanophotonics and near-field microscopy. For instance, sharp apertureless metal tips have been used to enhance the signal-to-noise ratio and the spatial resolution in a wide range of experiments : fluorescence [1, 2, 3] , two-photon-excited fluorescence [4] , infrared absorption [5] , Raman scattering [6] and coherent anti-Stokes Raman scattering [7] . At the vicinity of the metallic tip end, the excitation of the local mode of the surface plasmon polaritons and the singular behavior of the electromagnetic field (lightning-rod effect) give rise to an enhancement of the electric field [8] . Experiments have also shown that the fluorescence of single molecules in the vicinity of a thin metallic film may appear enhanced up to a factor of 12 when detected through the metallic film [11, 12] .
The use of isolated nanometric circular holes milled in metallic films has offered new applications for single molecule analysis in a highly concentrated solution (with concentrations up to the millimolar), studied using standard fluorescence correlation spectroscopy techniques [13, 14, 15] . In these experiments, tiny subwavelength apertures were shown to act as small reaction chambers containing in average a few molecules. This allows to reduce the observation volume by 3 to 6 orders of magnitude, from one femtoliter (obtained by a standard confocal microscope) to the attoliter or zeptoliter range (10 −18 or 10 −21 l). Thus, in turn, techniques such as fluorescence correlation spectroscopy which only work while observing a small number of molecules are readily applicable to significantly higher molecular concentrations. This point is of particular importance while studying biologically relevant enzyme kinetics which generally require concentrations in the micro-to millimolar range [14, 13] . Using isolated circular apertures of diameters between 110 and 420 nm milled in Al films, we reported a striking enhancement of the molecular fluorescence as compared to open solution (with a significant increase up to 6.5 fold), together with a strong reduction of the molecular lifetime within the aperture [15] . This findings appear closely linked with the existence of localized surface plasmon (LSP) modes that have been observed at the entrance of the subwavelength apertures [18] .
If these studies validate the potential of single nanometric apertures milled in metal films to reduce the observation volume and increase the detected fluorescence rate per molecule, the concepts involved in the fluorescence enhancement still remain unclear as many different effects may play a role : (i) the local excitation intensity I ex is expected to be enhanced due to charge accumulation at the edges of the nanohole excited by the linearly-polarized incoming field [19, 20, 21] , (ii) the lifetime reduction in the apertures postpones saturation effects [22] and allows for an increase in the fluorescence rate, (iii) the radiation pattern can be affected by the metallic subwavelength aperture boundary conditions [23] , thus leading to a higher collection efficiency. Besides, one has to take into account the role played by the LSP modes in the effects (i)-(iii) [18] .
In this letter, we bring new insights on the mechanisms leading to an enhancement of the detected fluorescence while using metallic nanoapertures. This is achieved by studying isolated rectangular nanostructures milled in metallic films with various aspect ratios. This particular aperture shape allows to switch between the activation of two distinct modes by changing the angle θ between the linearly-polarized incoming electric field and the longitudinal direction of the hole (see Fig. 1 ). Since the waveguide's cut-off wavelength is different for each axis, the penetration depth of the excitation light within the aperture can thus be significantly tuned, offering new possibilities to tailor the observation volume. Surprisingly, we also show that a high transmission of the excitation field does not yield any fluorescence enhancement whereas an evanescent coupling of the pump field induces a significant increase in the detected count rate per molecule. These results suggest that the observed molecular fluorescence enhancement is mainly related to the near field intensity within the subwavelength aperture.
This manuscript is organized as follows : we first describe our experimental apparatus and characterize the samples in terms of their transmission versus the incoming polarization (section 2). Section 3 then focuses on the molecular characteristics within the nanohole studied thanks to fluorescence correlation spectroscopy.
Materials

Experimental setup
Optically thick aluminium films (thickness 250 nm) were coated on conventional microscope slips (thickness 150 µm) by thermal evaporation. Rectangular subwavelength apertures were then milled by focused ion beam (FEI Strata DB235) using Ga+ ions exhibiting a 5 nm nominal beam diameter. Figure 1 shows the SEM micrograph image of such an aperture. Depending on the desired aspect ratio, the long edge may vary between 190 to 565 nm, while the small edge measures between 90 to 250 nm.
The molecular fluorescence characteristics within the nanostructure are analyzed here thanks to the technique of fluorescence correlation spectroscopy (FCS) [24] : the fluorescence photocount signal n(t) is recorded and its temporal autocorrelation is computed. This is quantified by 
where . stands for an ensemble averaging. This procedure allows to determine both the average number of molecules present in the observation volume and the average number of photons detected per molecule and per second. Let us emphasize that because the molecules are permanently diffusing in and out of the observation volume, our experiments are not sensitive to the molecular dipole orientations nor to each molecule trajectory individually, but provide knowledge on the average behavior of the molecular fluorescence and diffusion. Fluorescence correlation spectroscopy experiments were performed in a custom setup based on an inverted microscope (Zeiss Axiovert 200) with an NA=1.2 objective lens (Zeiss CApochromat). Nanopositioning of the aperture was possible thanks to a multi-axis piezo stage (Physik Instrumente P527). Intensity autocorrelations were recorded by a hardware correlator (ALV 6000). We used as fluorescent probes Rhodamine 6G molecules (Rh6G) with an excitation wavelength of 488 nm provided by an argon ion laser (see Fig. 1 ). Tight focusing conditions were used to illuminate a single subwavelength aperture with a beam waist of 250 nm, (calibrated from FCS experiments carried out on Rh6G in solution). This setup provides an observation volume V e f f without a nanoaperture of 750 attoliters. The laser polarization was set linear and was rotated using a zero-order half-waveplate.
Optical transmission properties of rectangular nanoholes
The transmission of the monochromatic 488 nm excitation field through a rectangular nanohole is presented on Fig. 2 while changing the angle θ between the linearly polarized electric field and the longitudinal direction. For the rectangular hole with the greatest aspect ratio length / width, the transmission follows a standard cos 2 law, with a transmission almost null at θ = 0 • (extinction better than 1:60). This clearly indicates that one switches from a propagating mode when θ = ±90 • to an evanescent mode when θ = 0 • . These observations stand in well agreement with the propagation theory of modes through rectangular metallic waveguides, if one recalls that the cut-off wavelength for propagating TE modes polarized along one axis of a rectangular waveguide (of perfectly conducting metal) is given by 2 n d where n is the refractive index inside the hole and d is the total hole length perpendicular to the electric field polarization. Thus for θ = 0 • the cut-off wavelength is given by the minor axis of the hole and is much smaller than for the case corresponding to θ = 90 • . As expected, the extinction ratio of the transmitted light versus θ increased while working with nanoholes of higher aspect ratios, as shown on Fig. 2 . On the contrary, the transmission versus θ remains constant for a squared nanometric hole. This can be seen as a direct consequence of Maxwell's equations linearity by expressing an arbitrary polarization θ as a sum of two orthogonal polarizations along the hole axis.
To gain insight about possible resonances at some specific wavelengths, we recorded the transmission spectrum of the rectangular apertures for various linear polarizations. As shown on Fig. 3 , the transmission remains almost constant over the 500-700 nm window when a droplet of water is deposited over the metal surface. The discrepancy between this result and the spectral curves presented in [18] may be explained by the fact that we are working with aluminium films instead of silver and are studying holes in films on substrate: here the adjacent dielectric media have different refractive indexes and therefore the energies of the LSP modes are different. This mismatch in frequency decreases the tunnelling probability through the hole and thus the transmission peaks due to the LSPs are no longer easily detectable [18] .
Single molecule fluorescence in subwavelength apertures
Observation volume tunability
Let us now study the diffusion dynamics of fluorescent rhodamine 6G molecules within the nanoholes. The mean number of molecules N present in the observation volume V e f f is obtained from the intensity autocorrelation function value at the origin (τ = 0) :
where n T is the triplet amplitude, τ T the triplet time, i the mean intensity, b the mean background, τ d the diffusion time and s the ratio of transversal to axial dimensions of the observation volume. This expression assumes a 3D Brownian diffusion. However, let us point out that at τ = 0 this formula is independent of the shape of the excitation field and the type of the diffusion statistics [25] . The triplet amplitude n T is related to the fraction F of molecules in the triplet state by F = n T /(1 + n T ). For each experimental run, the triplet amplitude n T was fitted to the experimental autocorrelation functions (assuming a 3D diffusion, see Fig. 4 ). For instance, n T was found in the range n T = 0.35 ± 0.15 for the various aperture sizes and an excitation power of 300 µW. Finally, special care was taken in the experiments to accurately calibrate the background noise within the apertures. We point out that the conditions leading to photobleaching were avoided in the experiments reported here, as the average number of Rh6G molecules and diffusion time remained constant when we increased the excitation power. b The observation volume V e f f reduction while switching the polarization from θ = 90 • to θ = 0 • is computed from the ratio N θ =90 / N θ =0 of the mean number of molecules detected for each polarization. c The fluorescence enhancement is given by the ratio of the photonic count rate per molecule per second in the nanohole as compared to open solution, when the polarization is set to θ = 0 • , corresponding to an evanescent coupling of the pump field (excitation power : 300 µW). When θ = 90 • , no fluorescence enhancement could be detected. Table 1 presents the observation volume alteration when changing the excitation polarization from θ = 90 • to θ = 0 • . As expected from the transmission properties of the rectangular nanoholes, when θ = ±90 • the pump field propagates maximally through the hole and the number of detected molecules is then maximal. When the polarization is turned to θ = 0 • the pump couples evanescently inside the hole and the number of detected molecules is significantly reduced. Thus by changing the excitation field, one may easily tailor the observation volume V e f f and reduce it by a factor as large as 8 for a 565 x 105 nm 2 aperture.
The volume reduction is linked with a reduction of the diffusion time across V e f f as illustrated by the (normalized) autocorrelation functions presented in Fig. 4 , which are recorded into a 565 x 105 nm 2 aperture. We found that this diffusion time reduction is qualitatively consistent with the volume awaited from the penetration depth of an evanescent wave through a nanohole (about 90 nm for a 105 nm aperture and a wavelength of 488 nm). However, performing a complete theoretical description of the volume reduction is a challenging task, because V e f f depends not only on the pump intensity profile within the hole, but also on the fluorophore's coupling efficiency and its quantum yield. Such an analysis is beyond the scope of this paper.
Fluorescence enhancement
Besides the reduction of V e f f , we investigated the molecular fluorescence process inside the nanoapertures as compared to open solution. Relevant information is given by the average detected count rate per molecule η within the aperture, which is readily obtained by dividing the total average number of photocounts per second by the average number of molecules N computed from g (2) (0). The last column of table 1 presents the enhancement of η as compared to its value in open solution for an excitation power of 300 µW and θ = 0 • (evanescent coupling of the pump field). A significant enhancement is observed for small holes surfaces, which is consistent with the observations reported for circular holes [15] . For these experiments, the excitation power was set so that the fluorescence remained in the linear regime for experiments In other words, as soon as the field wavelength is shorter than the waveguide's cut-off wavelength (propagating field), no fluorescence enhancement is observed at all. Thus a high transmission of the pump field is not correlated with an increase in the detected fluorescence rate. This result may look surprising if one thinks about the excitation of localized surface plasmon (LSP) modes which play an important role into the near field intensity within and around the nanoaperture. In [18] , it was shown that the LSP modes are localized on the edges perpendicular to the electric field. Thus changing θ from 0 • to 90 • allows to excite either the transverse or longitudinal edges. Naively, one would expect that the longitudinal mode excitation (θ = 90 • ) leads to a significantly higher fluorescence enhancement, due to the much larger edges size involved. However, this statement appears not to be verified experimentally, as the longitudinal mode excitation (θ = 90 • ) leads to a high transmission of the pump field but to no fluorescence enhancement at all, whereas the excitation of the transverse mode with small edges (θ = 0 • ) yields a significant fluorescence enhancement. At this point, we can conclude that the near field excitation intensity is deeply involved into the observed molecular fluorescence enhancement.
Some better understandings is provided by the evolution of the detected count rate per molecule η versus the excitation power P ex in a 565 x 105 nm 2 aperture and in open solution (see Fig. 5 , which appears as our main experimental result). In the linear regime (P ex < 0.4 mW) and for θ = 0 • , η was enhanced up to ∼ 2.5 times as compared to open solution. For θ = 90 • , the detected count rate per molecule in the aperture almost follows the calibration obtained for the open solution, showing no enhancement at all. Let us emphasize that no photobleaching processes were involved in these experiments, as we observed that the diffusion time and number of molecules remained constant for our whole range of excitation powers. Besides, since Rh6G is a high quantum efficiency dye, the triplet amplitude n T remains quite small while increasing the excitation power. The inset of Fig. 5 displays the evolution of n T versus the excitation power, obtained from numerical fits on our experimental autocorrelation functions. A major point to notice on Fig. 5 is that the fluorescence linear regime persists in nanoapertures up to P ex ∼ 0.9 mW for both polarizations, whereas η saturates to ∼ 40 kHz when P ex > 0.4 mW for Rh6G molecules in open solution. Unfortunately, the excitation power could not be increased over 1 mW due to sample damages occurring at high pump intensities, and thus no saturation of η could be detected within the nanoapertures. This curve illustrates a major feature of the use of nanoholes : for a properly tailored excitation field in the subwavelength aperture, one can detect count rates greater than one hundred thousands photons per second and per molecule, whereas for a single molecule in open solution the detected fluorescence never exceeds a few tens of kilocounts per second.
To understand this delay in the saturation of the fluorescence process, we investigated the molecular fluorescence lifetime within the nanoholes versus the incoming polarization. Figure 6 shows the Rh6G fluorescence radiative decay curves in open solution and in a 565 x 105 nm 2 nanoaperture when the excitation field polarization is changed from θ = 0 • to θ = 90 • . These curves were recorded by a time to amplitude converter (TimeHarp-PicoQuant) following a 4 MHz pulse train provided by a linearly polarised picosecond Ti:Saph laser tuned at 800 nm (performing two-photon excitation). Inside the nanoaperture, a major reduction of the molecular lifetime is observed from 3.7 ns in open solution down to our apparatus response time (0.9 ns), independently of the incoming polarization direction θ . This result clearly indicates that the molecular energy levels branching ratios are affected for molecules located in the nanoapertures, allowing for a delay of the fluorescence saturation. Moreover, as far as our measurements could reveal, the fluorescence lifetime appears independent of the excitation field mode, and mainly dictated by the fluorophore's metallic environment. This point is confirmed by previously reported investigations [26, 27] . Importantly, let us point out that the molecular lifetime is significantly reduced for θ = 90 • without yielding any fluorescence enhancement (for excitation powers in the linear regime). Thus an alteration of the molecular energy levels branching ratios can not solely account for the reported fluorescence increase. Other parameters have to be considered, at most the local excitation intensity I ex , as already suggested in the previous section.
When dealing with excitation powers well below the saturation intensity of the absorptionemission cycle, the fluorescence rate η appears directly proportional to the excitation intensity I ex and to the collection efficiency [28] . A complete theoretical description of the fluorescence enhancement process would require the computation of the local collection efficiency function (including molecular absorption) and the local excitation intensity for a real metal, which is beyond the scope of this paper. However, one may gain some insight by noticing that the curves of η for θ = 0 constant over the whole excitation power range. Considering that the environment of the diffusing fluorophore is almost the same for θ = 0 • and θ = 90 • , one may undertake the assumption that the collection efficiency is identical for both polarizations. Consequently, the ratio of the fluorescence rates per molecule η(θ = 0 • ) / η(θ = 90 • ) is a direct witness of the local excitation intensities ratio I ex (θ = 0 • ) / I ex (θ = 90 • ), which is in others words the ratio of the local intensities for an evanescent and a propagating field within the aperture (about 2.4 in the case of the nanohole of Fig. 5 ). We can conclude that the observed fluorescence enhancement could thus be explained by an increase in the local excitation intensity due to the evanescent coupling of the pump field within the aperture. This local excitation enhancement may be linked to some efficient excitation of surface plasmon modes localized close to the edges of the nanoaperture, as numerically demonstrated for circular nanoholes [19, 15] . Of course, other effects may come into play to fully explain the detected fluorescence enhancement, but they seem to be of minor importance in our observations. For instance, the study of circular nanoholes [15] demonstrated that an alteration of the radiation pattern cannot completely account for the observed enhancement.
Conclusion
By assessing the average properties of single molecules, fluorescence correlation spectroscopy proves to be a valuable tool to characterize the near-field optical properties of isolated nanostructures. We have shown that by using a rectangular nanoaperture milled in a metal film together with a linearly polarised excitation field, one may switch from a propagating to an evanescent optical mode within the aperture. This leads to significant tailoring possibilities of the observation volume and a further volume reduction for the evanescent excitation field. Looking at the emission process inside the aperture, the metallic nanostructure allows on one hand to delay the saturation of the fluorescence process, while on the other hand, the detected count rate per molecule can be significantly enhanced, depending on the excitation field coupling within the nanoaperture. We show that a high transmission of the excitation field does not yield any fluorescence enhancement, whereas an evanescent excitation can be used to induce a significant increase in the detected count rate per molecule. Altogether, these results suggest that the observed molecular fluorescence enhancement in subwavelength apertures results mainly from an increase of the near field intensity within the aperture and that lifetime reduction and radiation pattern alteration play a minor role.
